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This thesis addresses the fundamental aspects of controlling transport through organic 
molecules by presenting a series of studies in the electronic properties of molecular junctions. 
The exploration and understanding of the electronic characteristics of single molecules 
connected to electrodes is an essential part in the application of electronics. Here, I 
implemented transport calculations based on the Landauer formula combined with Kohn–Sham 
orbitals extracted from density functional theory (DFT). Chapter 4 elucidates the validity of a 
‘curly arrow rule’, which has been used widely by chemists and physicists to predict the 
electronic properties of molecular junctions. Anthraquinone is found to break this rule in the 
case of meta connectivity to electrodes.  This is significant, because changing the redox state 
of meta-connected dihydroxyanthracene to meta-connected anthraquinone, increases the 
conductance by a couple of orders of magnitude, due to the transition from constructive to 
destructive QI, which can help in the design of the QI based single-molecule switches such as 
data storage elements. Finally, chapter 5 presents a theoretical investigation of electron 
transport through dimethyldihydropyrene (DHP) and cyclophanediene (CPD) systems focusses 
on changes in the conductance as a consequence of photochemical stimuli. These molecules 
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Chapter 1  
“Ambition is the path to success. Persistence is the vehicle you arrive in.” 
1.1 Introduction 
Molecular electronics involves using single molecules as active components in the electronic 
circuits such as transistors[1], rectifiers[2], [3], sensors[4], [5] and switches[6].  In 1965, Gordon 
Moore noted that the number of transistors per chip doubles every two years, which is known 
as Moore’s law. He expected this trend to continue for ten years, but due to the rapid 
developments, it lasted a half century later. Due to the limits of Moore’s law [7] as component 
approach the sub-10nm length scale, scientists are eager to find substitutes for silicon-based 
devices to enable the creation of electronic components at the molecular scale.  Therefore, the 
field of single molecule electronics has the potential to offer an alternative to silicon-based 
devices by replacing the traditional semiconductor with a single molecule. Molecular electronic 
devices have attracted scientific interest due to their unique properties, such as the size of a single 
molecule, which is typically only a few nanometres. They also allow self-assembly when the molecular 
units spontaneously organise themselves into ordered structures by non-covalent interactions. The first 
molecular device was proposed by Avriam and Ratner the 1970s as a molecular rectifier to make a 
single molecule switch. More recently, the field of molecular electronics has paved the way to 
understanding sub-10nm electron transport and associated properties, in order to validate theoretical 
models, and open a window to the exploration of new electronic applications at the nanometre scale. 
Experimentally, many techniques have been developed in order to study these junctions intensively 
such as Scanning Tunnelling Microscopy Break Junctions (STM-BJ)[8], [9] and Mechanically 
Controllable Break Junctions MCBJ [10][11].This has enabled connections between the theory and 
the experiment, which together have led to recent many advances in this field. The key question 
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is what are the fundamental processes in molecular junctions composed of a single molecule in contact 
with one or more electrodes? One such process is the alignment of the molecular spectrum when it 
interacts with the electrode surface and the broadening of molecular orbitals due to the coupling to the 
electrode. This results in a charge transfer from the electrodes to the molecule and thereby shifts the 
molecular orbital with respect the Fermi energy of the electrode. Eventually, during this process many 
effects can impact the electron transport of the junction such as the conformation and orientation of the 
molecule, the gap between the highest occupied molecule orbital (HOMO) and the lowest occupied 
molecule orbital (LUMO), the alignment of this gap relative to the Fermi level of the electrode and the 
metal molecule interface. 
In spite of these challenges and limitations to both theory and experiment, much progress in 
the development of the molecular electronics has been made, which provides a valuable to 
roadmap for the future electronics applications. This thesis covers key concepts in the quantum 
transport theory needed to describe fundamental aspects of molecular junctions in the 
nanoscale, including  an introduction to two theoretical approaches; density functional theory, 
which is implemented in the SIESTA code, and the Green’s function formalism of electron transport 
which is implemented in the Gollum code. 
1.2 Switch Mechanism in single molecules 
Molecular switch devices have been studied intensively in the last decades, and have had a 
vital impact in order to improve the functionality of the electronics devices and its applications. 
Molecular switches based on single molecule are of interest due to their key features such as 
size, speed (conductance switching) and stability (large energy barrier between the two 
molecular states).  This chapter will discuss briefly about the switching mechanism.  To clarify 
the switching process, I will mainly highlight two kinds of switching mechanism based on the 
factor to induce the switch. One example is a switch based on conformation, when the chemical 
bond is formed or cleavage by the light or bias voltage. Another is based on redox 
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switching[12],  where the electron typically transfers between two states as shown in chapter 
(5).These changes in geometry of the molecules in turn make a difference in their electronic 
structure,  their electronic transport characteristics and their electrical conductance. In what 
follows, my theoretical calculations will be supported by experimental observations in chapter 
(5), which highlight the unique characteristics of DHP and its derivatives. The challenge in 
creating a useful switch is to achieve a significant difference in the conductance between the 
two states. An opening and closing cycle of these switches can be realised by associating the 
excited state with the open state and then letting it relax to achieve the closed state and then 
stimulating the molecule in a closed state by heat or light or electric field to move over the 
energy barrier separating the two states[13].  
1.2.1. Switch induced by light (configuration) 
 
   Light has been widely used as a switching mechanism in various molecules[14] [15][16][17], 
because photochromic molecules have the attractive features that they undergo two reversible, 
processes between closed and open states, stimulated by visible and UV light . He et al 
investigated the switching behaviour that is induced by the light and its effect on electronic 
structure[18].  Previous work demonstrated an accurate picture of switching behaviour for 
diarylethene in single molecule junctions.  This study attributed the difference in conductance 
due to the impact of the change in molecular geometry between the on and off state emphasising 
that Ɏ-system electrons play a crucial role either in the formation of the closed state or in 
deformation for the open one. A difference in conductance of two orders of magnitude is 
reached[18][19][20]. Other experimental and theoretical frameworks explained different 
photo-isomers of single molecules, such as azobenzene[21][22] and 
[15]dimethyldihydropyrene (DHP)cyclophanediene (CPD ) [23]. 
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1.2.2. Switch induced by charge transfer: 
Obviously, charge transfer in the molecular electronics is a crucial factor that can change the 
electronics properties of the molecules. Electronic transport based on oxidation and reduction 
is called redox reaction, in which usually the HOMO-LUMO gap can be altered. The key point 
is how to design a single molecule switch that can change significantly their conductance 
between the on and off states. Tetrathiafulvalene(TTF) is a candidate that has been used in a 
redox-based switch . Liao et al demonstrated that the change in the oxidation states of TTF can 
cause a rearrangement of the TTFdT molecular orbitals, which change the conductance by 
about one order of magnitude [24]. Furthermore, anthraquinone has also been used successfully 
as switch for molecular junctions that can be reversibly switched. 
This molecule is reported to show a difference in conductance when switching between cross-
conjugated anthraquinone and linear conjugated reduced hydroanthraquinone[25].  
1.4 Thesis outline 
This thesis will report theoretical simulations of the molecular electronics and electron 
transport at the nanoscale. To begin with, chapter 2 gives a brief overview of density functional 
theory (DFT), which is used in this thesis to study and understand the electronic properties of 
single-molecule junctions. Chapter 3 describes the single particle Green’s function based 
scattering theory, and related topics such as the Landauer formula and some concepts in 
quantum transport. Chapter 4 introduces a theoretical study of anthraquinone and it derivatives 
between gold and graphene electrodes and tests the validity of the curly arrow rule on these 
derivatives. Chapter 5 presents a study of charge transport in a photo switchable 
dimethyldihydropyrene and it derivatives. It also discusses how perturbation theory can be used 
to elucidate fundamentals of the switch mechanism in these molecules. 
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The final chapter presents the conclusions of my thesis and suggestions for future work. 
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Chapter 4  
 
Breakdown of Curly Arrow Rules in 
Anthraquinone 
 
In this chapter, I determine the validity of curly arrow rules in fully conjugated anthracene and 
dihydroxyanthracene, cross-conjugated anthraquinone and broken conjugated 
dihydroanthracene attached to graphene through pi-pi stacking and further test the rule for 
molecules attached to gold electrodes with thiol and Au-C anchors. I find that this rule breaks 
down in molecular junctions formed by cross-conjugated anthraquinone. Curly arrow rules 
predict destructive QI for a meta connected anthraquinone core, whereas my calculation predicts 
constructive QI. This behaviour is independent of the choice of electrode material or anchor 
groups. The results presented in this chapter were published in: J. Alqahtani, H. Sadeghi, S. 
Sangtarash and C. Lambert, "Breakdown of Curly Arrow Rules in 
Anthraquinone", Angewandte Chemie, vol. 130, no. 46, pp. 15285-15289, 2018. Available: 
10.1002/ange.201807257. 
 










Understanding and controlling quantum interference (QI) in single molecules is fundamental 
to the development of QI-based single-molecule electronics. Over the past decade, simple rules 
such as counting rules, curly arrow rules, circuit rules and more recently magic ratio rules have 
been developed to predict QI patterns in polycyclic aromatic hydrocarbons. These rules have 
been successful in explaining observed electronic transport properties of molecular junctions 
and provide helpful design tools for predicting properties of molecules before their synthesis. 
Curly arrow rules are widely used by chemists, material scientists and physicists to predict 
destructive QI. Here I examine the validity of curly arrow rules in fully conjugated anthracene 
and dihydroxyanthracene, cross-conjugated anthraquinone and broken conjugated 
dihydroanthracene attached to graphene or gold electrodes through pi-pi stacking or thiol and 
Au-C anchors. For the first time, I demonstrate that curly arrow rules break down in molecular 
junctions formed by cross-conjugated anthraquinone. In contrast with the destructive QI 
predicted by curly arrow rules for a meta connected anthraquinone core, I demonstrate that QI 
is constructive. This behavior is independent of the choice of electrode material or anchor 
groups. This is significant, because by changing the redox state of meta connected 
dihydroxyanthracene to form meta connected anthraquinone, the conductance of the junction 
increases by couple of orders of magnitude due to the cross over form constructive to 
destructive QI. This opens new avenues for realization of quantum interference based single 
molecule switches. 
Single molecule electronics has recently witnessed significant progress[1]. Much attention has 
been drawn to phase coherent quantum interference (QI)[2], which plays an essential role in 
electronic transport through single molecules[3]. Simple design rules such as counting rules[4], 
curly arrow rules[5][6], quantum circuit rules[7] and more recently magic ratio rules [8]have been 
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developed to predict the effect of interference patterns in polycyclic aromatic hydrocarbons 
(PAHs). When a molecule is connected to metallic electrodes with different connectivities, 
electrons traversing multiple paths interfere constructively or destructively[9]. This constructive 
(destructive) QI leads to a high (low) conductance. The above rules are helpful in identifying if 
destructive or constructive QI is expected for a given connectivity. In addition, magic ratio rules 
provide information about ratios of conductances belonging to different constructive 
connectivities. These simple rules provide basic understanding of a molecular scale junctions and 
can qualitatively explain various experiments[5][8][10].  
Over the past decades, curly arrow rules (CARs) have been used to predict destructive QI in 
molecules[5]. Curly arrows predict the movement of pairs of electrons[6]. When an electron is 
placed on a site in a PAH, the charges should be balanced. A bond is broken if electrons are 
removed from it; otherwise a bond is formed if electrons are placed between two atoms. This 
process is illustrated by curly arrows. When an electron path was formed by moving pairs of 
electrons (using curly arrows) between two injection and collection connectivities, constructive 
QI is expected. Otherwise, if such a path was not found, destructive QI is predicted[5][6]. For 
example for a para connected anthracene (AC1 in figure 4.1a), the arrows shows the path that 
the electron could take to travel through the molecule[5]. In contrast, in meta connected 
anthracene (AC2 in figure 4.1b), a loop is formed and the electron entered to the molecule cannot 
exit[5]. In this case, the CAR predicts destructive QI. Indeed these predictions for anthracene 
have been observed experimentally[11]. In anthraquinone, when curly arrows are drawn, due to 
the presence of oxygen, there is no path between both para and meta connectivities and therefore, 
CARs predict destructive QI for both meta and para connectivities (AQ1 and AQ2 in figure 




Figure 4.1. The curly arrow rule (CAR). (a) para and (b) meta connected conjugated anthracene 
labelled by AC1 and AC2, respectively. (c) para and (d) meta connected cross conjugated 
anthraquinone labelled by AQ1 and AQ2, respectively. 
In this communication, I show that the curly arrow rule breaks down. I examine the validity of 
CARs using anthraquinone based molecular junctions. In contrast with curly arrow rules which 
predict destructive QI for both para (fig. 4.1c) and meta (fig.4.1d) connected anthraquinone, I 
demonstrate destructive QI for para connected anthraquinone (fig. 4.1c), but constructive QI for 
meta connectivity. This is independent of the choice of anchor group or electrodes material. In 
contrast to conjugated anthracene, anthraquinone is a cross-conjugated molecule. If each oxygen 
in anthraquinone was replaced by two hydrogens, a broken conjugated dihydroanthracene is 
obtained. In what follows, I also investigate the quantum interference effect in these three types 
of molecules. I study the cross-conjugated anthraquinone molecular junctions (AQ1 and AQ2 in 












dihydroxyanthracene (QC1 and QC2 in fig. 4.2) and broken conjugated dihydroanthracene 
(AH)[12] (fig.4.17). Molecular junctions are formed by attaching these molecules to gold 
electrodes via thiol[13](fig. 4.2b) and direct Au-C[14] (fig. 4.2a) bonds and to graphene 
electrodes through pi-pi stacking with pyrene anchors[15](fig. 4.2c). I have constructed 22 
different molecular junctions by combining ACs, AQs, QCs and AHs with 2 electrodes and 3 
anchors. 
Figure 4.2. The structure of three systems with three central cores (AC, QC, AQ, AH and AH’) via 
different connectivities. (a) A direct C-C bond with gold. (b) Thiol anchor with gold. (c) Pyrene with 
graphene. 
4.2 Result and discussion 
In order to investigate the electronic properties of the junctions, I used the DFT code SIESTA to 
obtain the optimized geometry adopting the generalised gradient approximation (GGA) and PBE 
functional for the exchange and correlation. We also chose a double-ȗSOXVSRODUL]HG'=3EDVLV
set. The geometry of each structure was relaxed to a force tolerance of 20 meV/Å. A real-space 
grid was defined with an equivalent energy cutoff of 150 Ry. To calculate electronic properties of 
the molecules in the junction, from the converged DFT calculation, I extracted the resulting mean-
field Hamiltonian and overlap matrices and used them to compute the electrical properties of the 
devices with transport code Gollum[16] to calculate the transmission coefficient T(E) of electrons 




via Landauer formula G=G0T(EF) where G0 is conductance quantum, and EF is the Fermi energy 
of electrode. 
 
Figure 4.3. Transmission coefficients for electrons passing through the junctions with graphene 
electrodes via pyrene anchor groups. (a,b) example of junctions formed by AC cores connected to 
the anchors from para and meta. Transmission coefficients for (c) AC1 and AC2. The features 
around E=1eV are mainly due to the changes in the number of open channels in graphene 
electrodes. 
Figure 4.3 shows the calculated transmission coefficient for junctions with graphene electrodes. 
Figures 4.3a,b show examples of the junctions formed using graphene electrodes via para and 





two pyrene electrodes through acetylene linkers. Pyrene anchors are connected to the electrodes 
(figure 4.3a,b) ,figure(4.4a,b) and figure(4.5 a,b) through pi-pi interaction with the pi system of 
graphene.  
Figure 4.4. Transmission coefficients for electrons passing through the junctions with graphene 
electrodes via pyrene anchor groups. (a,b) example of junctions formed by QC cores connected to 
the anchors from para and meta. Transmission coefficients for (c) QC1 and QC2. The features 
around E=1eV are mainly due to the changes in the number of open channels in graphene 
electrodes. 
Figure 4.3c shows the transmission coefficient for graphene junctions formed by AC cores. In 
agreement with previous theoretical[11][17]and experimental studies[11][18][19], the 
conductance of para connected AC1 (fig. 4.2) shows high conductance due to a constructive QI 





the junction, including leads and molecule is formed from carbon and hydrogen, a uniform charge 
distribution is expected. Therefore, the DFT Fermi energy lies close to the middle of the HOMO-
LUMO gap. Similar behaviour is obtained in the graphene/QC’s/graphene molecular junction 
(fig. 4.4) 
 
Figure 4.5. Transmission coefficients for electrons passing through the junctions with graphene 
electrodes via pyrene anchor groups. (a,b) example of junctions formed by AQ cores connected to 
the anchors from para and meta. Transmission coefficients for (c) AQ1 and AQ2. The features 






 The transmission spectrum of QC’s is slightly shifted to the right (negative gate) compared to 
T(E) of AC’s. This is due to a weak electrostatic gating effect of the oxygen atoms in QC’s. In  
Both AC and QC molecular junctions, the conjugation is not broken and curly arrow rules works 
perfectly.  
In contrast, in the junctions formed by AQ molecules, meta connected AQ2 shows a high 
conductance and constructive QI (blue curve in fig 4.5.c) whereas para connected AQ1 exhibits 
destructive QI with a low conductance (red curve in fig. 4.5c).  
 
Figure 4.6. Transmission coefficients for electrons passing through the junctions with gold electrode 
through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AC cores 






This is opposite to the prediction using curly arrow rules, because when electrons are injected 
from the left green site in (fig 4.5a,b) there is no electron path to the green sites (fig. 4.5a,b) using 
curly arrow rules. Therefore, destructive QI is predicted from CARs, which is not supported with 
our calculation shown in (fig 4.5c) where AQ2 exhibits constructive QI. Similarly, the meta-
connected AQ2 shows constructive QI with high conductance, which is not consistent with 
predictions from curly arrow rules. This demonstrates that curly arrow rule breaks down in the 
meta connected anthraquinone. 
To demonstrate that this is a generic feature of anthraquinone-based molecular junctions, I study 
electron transport properties of the junctions formed from gold electrodes using either thiol or 
direct Au-C anchor groups connected to AC, QC and AQ with meta or para connectivities.  
Figure 4.7. Transmission coefficients for electrons passing through the junctions with gold electrode 
through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by QC cores 






(Figs 4.6, 4.7,4.8) shows the transmission coefficient through the gold electrodes via direct Au-
C coupling with acetylene linkers in the case of AC, QC and AQ. Junctions formed with AC1 
and QC1 molecular cores show constructive QI whereas those formed by AC2 and QC2 
molecular core shows destructive QI (figs. 4.6c,4.7c).  
The DFT Fermi energy lies in the tail of HOMO resonance in agreement with previous report 
[38]for molecular junctions formed through direct Au-C bond. Clearly, the destructive QI dip in 
QC2 has shifted to the right compared to AC2 due to the electrostatic gating effect of the oxygen 
atoms. 
 Figure 4.8. Transmission coefficients for electrons passing through the junctions with gold 
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AQ 








The results for AC and QC are in agreement with predictions from curly arrow rules. However, 
the CAR again breaks down in the junctions formed by AQ molecular cores (fig. 4.8c), in 
agreement with our result obtained in graphene junctions (fig. 4.5). It is worth mentioning that 
although the transport is still HOMO dominated in the gold/AQ/gold junctions, the Fermi energy 
is closer to the middle of HOMO-LUMO gap.  
Figure 4.9. Transmission coefficients for electrons passing through the junctions with gold electrode 
with gold electrode connected to thiol anchor (a,b) example of junctions formed by AC cores 







I now consider a third system, where the three central cores are attached to gold electrodes 
through thiol anchors (Figs 4.9, 4.10 and 4.11) shows the transmission coefficient obtained for 
these junctions. Clearly, the result is in excellent agreement with junctions formed from gold 
electrodes with Au-C direct anchoring (fig. 4.6, 4.7 and 4.8) and graphene electrodes (fig. 4.3, 
4.4 and 4.5). 
Again, the conductance of the molecular junctions formed by both AC and QC molecular cores 
shows constructive and destructive interference for para and meta connectivities, respectively 
(figs. 4.9c, 4.10c) in contrast to the gold/AQ/gold junctions where opposite behaviour is obtained 
(fig. 4.11c). 
Figure 4.10. Transmission coefficients for electrons passing through the junctions with gold 
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by QC 








Figure 4.11. Transmission coefficients for electrons passing through the junctions with gold 
electrode through direct Au-C bond with acetylene linker. (a,b) example of junctions formed by AQ 
cores connected to the anchors from para connectivity. Transmission coefficients for (c) AQ1 and 
AQ2. 
In order to understand the difference between the transmission coefficients of AQ and QC 
cores, I examined the evolution of the transmission coefficient starting from QC2 and then  
increasing the distances d between the hydrogens and oxygens of the two carbonyl groups in a 
series of steps. Fig. 4.12 shows that as d increases, the HOMO of QC2 evolves into the LUMO 
of AQ2 (see also figs 4.13 and 4.14), which pushes the anti-resonance from the HOMO-LUMO 










\Figure 4.12. Transmission coefficients for the QC2 junctions with gold electrode connected 
 to thiol anchor (a). The hydrogen connected to the oxygens are initially placed at their 
equilibrium distance (d = 1.01 angstroms) from their neighbouring oxygen. Then the 
distance between the hydrogens and oxygens in the two carbonyl groups is increased in a 




Figure 4.13. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and 






Figure 4.14. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and 




Figure 4.15. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and 
LUMO+2 levels in QC1 and QC2 
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When comparing the anti-resonance in the para-connected AQ1 with those of the meta-
connected AC2 and QC2, it is helpful to note that in addition to the electrostatic gating effect 
by oxygen, the character of the frontier orbitals changes, such that (see figure 4.17) the HOMO 
and LUMO of QC resembles the LUMO and LUMO+1 of AQ. The effect of this, is most 
clearly illustrated in figures (4.6, 4.7and 4.8), where the meta-connected AQ2 possesses an 
anti-resonance in the gap between the LUMO and LUMO+1 (at 1.5eV). This anti-resonance 
evolves into the anti-resonance between the HOMO and LUMO of QC2. 
. 
Figure 4.16. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and 
LUMO+2 levels in AH1 and AH2 
 
 
Figure 4.17. The wave functions of HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and 
LUMO+2 levels in the isolated system. 
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    This surprising behaviour in the AQ2 based junctions is also present in a simple tight-binding 
model of p orbitals within the molecules, in which the AC or AQ cores are connected to two 1D 
leads through a weak coupling. Figure 4.18 shows the calculate transmission coefficient T(E) for 
both meta and para connected junctions. Figure 4.18a shows T(E) for anthracene junctions with 
all on-site energies İ0=0 and hopping integrals Ȗ -1. 
Figure 4.18. Simple tight-binding model. (a) The transmission coefficient for QC1 (blue line) and 
QC2 (red line). Inset (a) lattice structure considered in TB model. All on-site energies and couplings 
LQDDUHİ0 DQGȖ -1, respectively, (b) differential conductance of QC1 versus bias Vb and gate Vg 
voltages (c) the transmission coefficient for AQ1 (blue line) and AQ2 (red line) where all on-site 
HQHUJLHVDQGFRXSOLQJVLQDDUHİ0 DQGȖ -1, respectively; except on-site energies at sites m and m’ 
(İm İm’=-Ȗ) and (b) differential conductance of AQ1 versus bias Vb and gate Vg voltages. 
 
Clearly, constructive QI is obtained in the conjugated QC1 (AC1) junction compared to QC2 
(AC2). When (m and m‘ in the inset of figure 4.18a) hydrogen atoms in anthracene are replaced 
by oxygen, the on-site energies are increased due to electrostatic gating induced by oxygen atoms. 
This is captured by a minimal tight-binding model of cross-conjugated AQ junctions, where I 
only change the on-site energies at sites m and m’ (see inset of fig. 4.18a) to İm İm’=-Ȗ. This 
is because, in the cross-conjugated structure, the site energy of carbon attached to an oxygen is 
increased. As shown by the resulting transmission coefficients in figure (4.18c), this leads to 
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destructive QI for para connectivity and constructive QI for meta connectivity, in agreement with 
the T(E) of figure (4.11c), calculated by DFT. 
I also calculated the current through the junctions versus different bias Vb and gate Vg voltages. 
By differentiating the current with respect to the bias voltage, I obtain the differential 
conductance G = dI/dVb. In this model, I assume that the main bias potential drops at the interface 
between the leads and molecules and the gate voltage potential profile is uniform over the 
junctions.  
 
Figure 4.19. The transmission coefficient for the broken conjugation dihydroanthracene (AH) when 
connected to graphene. (a) para connectivity (b)meta connectivity (c) for the dihydroanthracene 









Figure (4.18b,d) shows the calculated differential conductance for QC1 (AC1) and AQ1 
junctions, respectively. The higher and lower conductance are illustrated by dark blue and white 
colours in figures (4.18b,d). By changing the redox state of QC1 to form AQ1, the conductance 
of the junction decreases by a couple of orders of magnitude due to the cross over form 
destructive (the diamond involving Vb=0V and Vg=0V in figure 4.18b) to constructive QI (the 
diamond involving Vb=0V and Vg=0V in figure 13d). This opens new avenues for realization of 
quantum interference based single molecule switches. 
Figure 4.20. The transmission coefficient for the broken conjugation when connected to gold 
electrode via Au-C bonds. (a) via para connectivity (b)meta connectivity (c) for the 
dihydroanthracene (AH)  (d) when the H of each carbonyl group is replaced by CH3 
 
(b) 
      







In order to understand how interference patterns are affected by replacing oxygen atoms in 
AQ with two hydrogens to form broken conjugated dihydroanthracene (AH), I calculate the 
transmission coefficients for two para and meta connectivities attached to graphene or gold 
electrodes through either pi-pi stacking or using thiol or direct Au-C anchors.  
Figure 4.19c,4.20c and 4.21c shows the transmission coefficient for these junctions. There is no 
signature of a strong destructive interference dip in these junctions in contrast with the destructive 
QI predicted by CARs. The transmission is slightly lower for meta connected junctions compared 
to para ones around DFT Fermi energy.  
Figure 4.21. The transmission coefficient for the broken conjugation when connected to gold 
electrode via thiol (a) para connectivity (b)meta connectivity (c) for the dihydroanthracene (AH)  
(d) when the H of each carbonyl group is replaced by CH3. 







Replacing hydrogens with methyl groups does not change the overall trends although the 
magnitude of differences between meta and para connectivities is generally more pronounced 
(figs. 4.19d,4.20d and 4.21d). 
 
Figure 4.22. The modified curly arrow rule (CAR). (a) meta connected cross conjugated 
anthraquinone labelled byAQ2.  
Figure(4.22) suggests that it should be possible to form a transport SDWKWKURXJKʌ-system from 
one electrode to the other, as indicated in figure (4.22). Essentially, if it is possible to form two 
equivalent pathways from different donors to same oxygen, this will lead to constructive 
interference, whereas this approach in not allowed in the case of para connectivity in which 
destructive interference is occurred.  
4.3 Conclusions 
In summary, I demonstrated that the charge transport of anthraquinone and its derivatives in 
different conjugation systems. DFT calculation reveals that a curly arrow rule is broken in the 
case of the cross conjugated molecule (anthraquinone). Confirmation that this rule is still 
broken when trying various of anchor groups with two different kinds of electrodes, shows that 
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this behaviour is a generic feature for anthraquinone. This behaviour originates from the 
evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone when 
removing of the hydrogen atoms from the OH groups of dihydroxyanthracene. The 
conductance of the junction increases by a couple of orders of magnitude due to the transition 
IURPFRQVWUXFWLYHWRGHVWUXFWLYH4,7KLVRSHQVQHZDYHQXHVIRUUHDOL]DWLRQRI4,ဨEDVHGVLQJOHဨ
molecule switches. Curly arrow rules predict destructive QI for a meta connected anthraquinone 
core, whereas the first principle material specific calculation predicts constructive QI. This 
behaviour is independent of choice of electrode material or anchor groups and arises from the 
evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone upon removal 
of the Hs from the pendant OH groups of dihydroxyanthracene. This pushes the anti-resonance 
from the HOMO-LUMO gap of meta-connected dihydroxyanthracene into the LUMO-
LUMO+1 gap of meta-connected anthraquinone. In addition, I find that the destructive 
interference predicted by curly arrow rules in broken conjugated dihydroanthracene is not 
apparent in DFT-based transport calculations. Although, curly arrow rules are widely used by 
chemists, material scientists and engineers and have been successful in predicting destructive QI 
in many molecular junctions, it is not valid in cross-conjugated anthraquinone with meta 
connectivities to electrodes 
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This chapter provides a detailed understanding of the electronic and transport properties of the 
photo-switchable dimethyldihydropyrene and its derivatives. Since, the conductance of a single 
molecule is sensitive to the change of the molecule structure, which in this case can be induced 
by light, it is crucial to understand how this behaviour is influenced by molecular orbitals. In 
this chapter, a theoretical model is proposed to extract additional information about the change 
in the electrical conductance and a tight binding model is developed to describe how the switch 
takes place. This model suggests that the low and high conductance of DHP in connectivity of 
(5,12)ON ,(2,9)ON and CPD in connectivity of (5,12)OFF , (2,9)OFF respectively are found 
to be a consequence of an energy level crossing between the HOMO-1 and HOMO , which 







The field of molecular electronics has received a significant attention over the past 
decades[1][2][3][4]. Molecular switches have been studied extensively due to their ability to 
switch between two states under external stimuli such as an  electrical field or 
light[5][6][7][8].  This switchable behaviour is attractive in the field of electronics devices, 
and its applications. However, many challenges are still present on the road to improving 
functions towards useful electronic applications. Photochromic molecules, have been widely 
investigated in single-molecule junctions, such as dimethyldihydropyrene 
(DHP)/cyclophanediene (CPD) [9], [10], [10]–[14]. These molecules undergo changes in 
conductance and structure due to the significant effect on charge transport when irradiated. A 
variety of photo-switchable molecules have been widely used, due to their ability to be 
reversibly switched  either photo chemically or thermally between two different conducting 
and non-conducting states [15][7] [16][5]. Various previous experimental works have 
investigated the properties of such photochromic molecules[17][18][19] [20].  
Figure. 5.1 Tight binding model of the switch. A numbering system for the core correspond to the 






































To understand the origin of switching behaviour of DHP with connectivity of (5,12) and (2,9) 
as one changes from the open to the closed to the open structure, I shall first introduce a tight 
binding model, which allow us to follow the transition smoothly from one state to the other. 
Fig 5.1 shows the cores of DHP (corresponding to the ‘on’ state of the switch) and CDP 
(corresponding to the ‘off’ state of the switch). When the pyridyl anchors (not shown) are 
connected by single or triple bonds to the cores in (5,12) and (2,9). The notation used to refer 
to these molecules is summarised in Table 5.1. To model the evolution between the ‘ON’ state 
and ‘OFF’ state, we start from the simplest tight-binding model of a pyrene core, with 14 pz 
orbitals labelled 1 to 14, in which each orbital is assigned a site energy of zero and a nearest 
neighbour hopping integral of -1. 
Then to model the core, in which there are no pz orbitals on atoms 15 and 16, we set their site 
energies to ࢿ1=λ.  (Note that when ɂ1 = λ all properties of this model are independent of the 
bond ߙ between sites 15 and 16.) To model the OFF state of the core, the hopping integral ߙ 
connecting sites 15 and 16 is set to zero and the site energies of sites 15 and 16 are set to 
zero.  
 
Table 5.1. Notation used to refer to different molecules and the values of the tight binding 
parameter ࢿ1 used to model the ON and OFF states. 







Figure (5.2) shows how the frontier orbitals of this tight binding model evolve as a function 
of ࢿ1, starting with the ‘parent’ molecule at ɂ1 = 0 and evolving to the frontier orbitals of the 
‘daughter’ at large ࢿ1. Due to the asymmetric nature of the parental HOMO and LUMO about 
a line passing through sites 15 and 16, the perturbation due to ɂ1 on sites 15 and 16 does not 
couple to the HOMO and LUMO.  
 
Figure 5.2. Frontier orbitals of the tight binding model for various values  
 
Figure (5.3) shows the corresponding transmission coefficients obtained when one-
dimensional tight binding chains are weakly coupled to sites (5,12) or (2,9). For the (5,12) 
connectivity, the transmission resonances associated with the parental HOMO and LUMO are 
indicated by vertical dashed lines. As noted above, since these molecular orbitals have no 
weight on sites 15 and 16, they are insensitive to the value of  ɂ1.  On the other hand, as 
shown in figure (5. 2), the parental LUMO+1, HOMO-1 and HOMO-2 have a non-zero 
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weight on sites 15 and 16 and therefore as  ɂ1 increases from zero, the energies of these 
orbitals increase. As indicated by the black arrows, this causes the parental HOMO-1 to cross 
the parental HOMO and evolve into the HOMO of the daughter, eventually becoming 
degenerate with the parental LUMO. At the same time, as indicated by the red arrows, the 
parental HOMO-2 increases in energy and eventually becomes degenerate with the parental 
HOMO. This degeneracy occurs, because for  ɂ1 = λ  the daughter molecule is equivalent to 
a ring of 14 sites with periodic boundary conditions, whose energy levels are given by ܧ =
െ2 cos ଶగ௡
ଵସ
 ,݊ = 0, ±1, ±3, ±4, ±5, ±7, ±8, 9. Figure (5.3) (lower panels) shows that the 
same behaviour of the HOMO-2, HOMO-1 and LUMO+1 also occurs for (2,9) connectivity. 
However, in this case, the HOMO and LUMO are ‘silent.’ In they do not couple to the 
external leads and do not create a resonance in the transmission coefficient. 
 
 
Figure (5.3) Evolution of the (5,12) and (2,9) transmission coefficients as ࣕ૚ increased from zero 
to 100, where the latter value is in effect infinity, since no significant change is found for higher 





The magic ratio rule based on the magic numbers(M୧୨) in figure (5.4), which predict electrical 
conductance corresponding to different connectivities of polyaromatic hydrocarbons (PAHs), 
in the co-tunnelling regime. When a single molecule is weakly connected to the electrodes 
via sites (i) and(j), electrons passing through the molecule from one electrode to the other.  
To obtain the table of magic numbers (also known as a M-table) shown in figure 5.4, first 
construct a connectivity table for the core molecule by placing a (1) when two sites are 
connected and zero otherwise. Then the M-table is obtained by taking the inverse of the 
connectivity table and multiplying by the determinant. The transmission of the core is 
connectivity dependent and can be calculated from the magic number associated with each 
connectivity. This rule states that the conductance ratio of two molecules is equal to the 
square of the ratio of their magic integers [21]. 
Interestingly, at ɂ1 = 0, the transmission coefficients of the parents, for both connectivities, 
exhibit destructive quantum interference (DQI) at the gap centre. This is predicted from the 
‘magic number table’ for the parental core, shown in figure (5.4), which contains zeros at 
elements ܯହ,ଵଶ and ܯଶ,ଽ. 




5.2 Results and Discussion 
To demonstrate how the swap occurs in the symmetry between the molecular orbital of HOMO 
and HOMO-1 taken place, I used DFT to optimize the geometry and he ground state 
Hamiltonian with overlap matrix elements of each structure combined with the quantum 
transport code Gollum to compute the transmission coeffienet of the system. Siesta employs 
psudo-potential to account for the core electrons and linear combination of atomic orbital to 
construct the valence states. The generalized gradient approximation (GGA) of the exchange 
and correlation functional is used with the parameterization (PBE), a double-ȗSOXVSRODUL]HG
'=3EDVLVset and a real-space grid was defined with an equivalent energy cutoff of 150 Ry. The 
geometry of each structure was relaxed to a force tolerance of 20 meV/Å. The above analysis leads 
us to identify a new concept for molecular switching, based on changing the relative symmetry 
of the HOMO and LUMO due to level crossing during the switch transition. When this 
symmetry change takes place, quantum interference within the HOMO-LUMO gap changes 
from being destructive to constructive, leading to a large change in electrical conductance.  
This level crossing is a consequence of the different symmetries of frontier orbitals For 
example, as shown in figure(5.2), when atoms 15 and 16 are perturbed byɂ1 = 0.5, the HOMO 
is found to cross the HOMO-1 , because the perturbation affects differently the HOMO and 
HOMO-1. In the case of open state when ɂ1 = 0, it is noted that HOMO-1 is symmetric which 
means it is going to be affected by the perturbation ɂ1 significantly more than the antisymmetric 
HOMO figure (5.2). Which means this switch is governed by this change in the molecular 
orbitals. 
More importantly, a simple model of tight binding could explain the difference in transmission 
coefficient between the ON and OFF states. In which this difference is independent of the 
connectivities between (5,12), (2,9)for the ON state, and (5,12) (2,9) for the OFF state and only 
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depends on the behaviour of molecular orbital states in these molecules. To understand the 
significance of switching the relative symmetries of the HOMO and LUMO, a molecular 
orbital rule has been used to investigate the transport properties for both connectivities.  
To confirm the above behaviour, I have carried out detailed DFT modelling of these molecules the 
properties of these molecules was examined using DFT. I investigated the switchable 
molecule dimethyldihydropyrene(DHP) ON state /cyclophanediene (CPD) (OFF state) with 
their distinguishable conducting features with two connectivities (2,9) and (5,12) when the 
only difference between the two connectivities is in the attachment of a series of alkyls as 
pendant group.  These pendant groups do not expect to be chemically reactive, but only 
change the geometry.  
 
Figure 5.5. The structure of five systems with two connectivities connected to pyridine anchor group 
for all structures(a) (5,12) ON state with acetylene spacer(b) ON state (5,12)’ without acetylene 
spacer (c) (2,9) ON state with acetylene spacer. (d) (2,9)’ ON state without acetylene spacer. When 
(a’) (b’) (c’) (d’) same systems with OFF states. (e)ON state (2,9)* with same connectivity as (c)but 

















In fact, these calculations are computed with these molecules when they linked to bipyridine 
as anchor groups in the presence of the acetylene spacer in one case and in the absence of that 
space in another case for both connectivities as shown in figure (5.5). These molecules 
covalently bond to gold electrodes to provide robust connection to the molecular junction[22] 
Switching properties of dimethyldihydropyrene derivatives, were first reported by Boekelheide 
et al , who demonstrated that they can be opened to the colourless cyclophanediene (CPD)OFF 
under irradiation by visible light[18]and then switched back to (DHP)ON when subjected the 
heat or UV light. Recent theoretical studies have shown that these molecules possess robust 
photo-switchable behaviour when embedded between two gold electrodes[23], [24][25][26]. 
One positive advantage of this behaviour is that it leads to a dramatic change in the 
conductance, which make these molecules good candidates to design effective electronic 
devices. Until recently, there has been no reliable investigation showing how effectively 
molecular orbitals can play a role to switch between the two states. Our aim now is to elucidate 
the appearance of these states using DFT to support the above TB calculation, in order to 
provide a microscopic explanation of this feature. Here, Dimethyldihydropyrene with 
connectivity (5,12) and (2,9) and its derivatives studied when they contacted to a gold 
electrodes via bipyridine as anchor group either directly or via an acetylene spacer in which 
bipyridine enables stable junction and better junction formation [27][28]. This study is 
to assess the influence of the acetylene spacers to know the impact of removing this spacer on 
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the conductance in both connectivities. Which have a significant effect on the photo-switch 
function of these molecules.  
 
Fig. 5.6. DFT-based transmission calculations. (a) The molecular junction containing (5,12) ON 
with acetylene  (b) (5,12)OFF with acetylene (b) Transmission as a function of energy for the ON 
(blue) the OFF molecule (red).  
To analyse the switch mechanism, the electronic transport of the ON states for a various 
switchable molecule (5,12) and (2,9) were calculated with the corresponding OFF states of 
same connectivity as shown in figure (5.1).  Then plotted the calculated transmission function 




A higher transmission probability was found for (5,12) and (2,9) in ON state compared to (5,12) 
and (2,9) in OFF state by about two orders of magnitude. This result is confirmed 
experimentally for the case of (5,12)ON and OFF state in the literature[10].  
 
Fig. 5.7. DFT-based transmission calculations. (a) The molecular junction containing (2,9) ON 
with acetylene  (b) (2,9)OFF with acetylene (c) Transmission as a function of energy for the ON 
(blue) the OFF molecule (red).  
This finding can be explained due to the extended pi-conjugation across the whole junction in 
(5,12) ON, whereas some of the conjugation is broken in the case of (5,12) OFF.   
   In the following, two different pi-conjugated molecules were evaluated (2,9) ON and (2,9) 
OFF with same anchor when the spacer is included figure (5.7a) and (5.7b). As I introduce the 
spacer, this makes the conjugation extended all over the junction, when both molecules are ON 
and OFF. The transport through the ON state is dominated by a fully conjugated system, 






function for the (2,9)ON and (2,9)OFF using DFT is presented in Figure (5.7c), which shows 
a higher value of transmission coefficient for the ON case compare to the OFF, as expected 
with smaller HOHO-LUMO gap in both (5,12)ON and (2,9)ON. To examine the possibility of these 
molecules to switch or not, in the case where the acetylene is presented in both states.  
I have applied electric field, which cause molecules to respond and make some changes in the 
configuration in order to induce the cleavage and thereby switch the state. An external electric 
field is applied correspond to different electric fields, ranging from 0.1 to 1 V/A0 to the isolated 
molecules (5,12) ON and (5,12) OFF along the transport direction (z). 
5.8. The resulting energy difference between ON and OFF states (οE) vs Electric field in (5, 12) 
connectivity when (a) the acetylene is presented (b) acetylene not presented. 
I calculate the total energy  for (5,12) ON and (5,12) OFF when the acetylene spacer is included 
and take the difference between them which is (οE) in the presence of the electric field using 
different values of electric field as in figure (5.8a). Subsequently, this calculation indicates that 
switch behaviour is not possible. I attributed the failure in switching the closed state due to the 
presence of spacer, which play an essential role in this behaviour. Acetylene make the ߨ orbitals 
extended all over the junction and make it harder to switch between two states. Therefore, I 
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have removed the spacer acetylene to study how important does the absence of this space play 
a role to affect the conductance. Also, test whether or not these molecules with different 
connectivities (2,9) and (5,12) in this geometry are possible to be open. The absence of this 
space introduces a ring rotation for the pyridine relative to the Ɏsystem of the core as shown 
in figure (5.9-10). 
  
Fig. 5.9. DFT-based transmission calculations. (a) The molecular junction containing (5,12)’ON 
without acetylene (b) (5,12)’OFF without acetylene (c) Transmission as a function of energy for 
the ON (blue) and the OFF molecule (red).  
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Toward this goal, I constructed these molecules without the acetylene spacer as shown in figures (5.4 
b, b, d, d’). In contrast, attaching the (5,12)’ON and (5,12)’OFF to the bipyridine without the 
acetylene spacer figure (5.9). Obviously, this caused a decrease in the difference between the 
ON and OFF state in which this difference is less than one order of magnitude, where this was 
not the case in the present of the spacer. This result GHPRQVWUDWHGWKDWDFKDQJHLQʌ-conjugation 
FRXOGDIIHFWWKHFRQGXFWDQFHRIWKHPROHFXOHLQWKHDEVHQFHRIWKHDFHW\OHQHVSDFHUGXHWRʌ-
system of ON state RUWKRJRQDOWRʌ-system in the spacer with dihedral angle which is the angle 
formed by the planes of the pyridine and Dimethyldihydropyrene derivatives ߶= (41.10,-
42.30)for right and left side respectively compare to the presence of acetylene with ߶= (-
3.70,5.80) in closed system. In the OFF system I found that ߶ = (-13.50,20) compare to ߶ = (-
32.10,25.30) when the acetylene not present in OFF system. 
Fig. 5.10. DFT-based transmission calculations. (a) The molecular junction containing (2,9)’ON 
without acetylene (b) (2,9)’OFF without acetylene (c) Transmission as a function of energy for the 







A second approach in addition to the previous molecules are systems with bridging to 
bipyridine from both sides without the acetylene linker in ON system (2,9)’ and (2,9)’OFF. On 
the contrary, the acetylene spacer unlike the (5,12)’ON and (5,12)’OFF has not affected the 
difference of transmission coefficient between (2,9)’ON and its OFF state as in figure (5.10). 
In addition, transmission curve for (2,9)’ON is almost same as (2,9) ON in the absence of the 
spacer as shown in figure (5.11). In terms of dihedral angle which is the angle formed by the 
planes of the pyridine and Dimethyldihydropyrene derivatives in (2,9) for the ON system when 
acetylene is included= (2.50,2.60) compare to ߶ = (12.1.50,13.60) when acetylene is absent. 
Whereas (2,9) OFF is ߶ = (1.70,2.20) in contrary to ߶ = (-23.70,28.20) in (2,9)’OFF when 
acetylene not included. 
Fig. 5.11. DFT-based transmission calculations. Transmission as a function of energy for the 
closed (5,12)’ON (blue) (2,9)’ON (yellow)and the (5,12)’OFF in (red), (2,9)’OFF (purple) in solid 
lines. The dashed lines represent the same molecules in the present of the acetylene spacer.  
Thereby, these results indicate that the difference between ON and OFF is enhanced by the 
absence of the acetylene for (5,12) connectivity compare to (2,9) ON and OFF as shows in 
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figure (5.11). The apparent difference in the transmission curve has been attributed to the 
spacer acetylene, which leads to shrink in the HOMO-LUMO gap when acetylene is presented.  
To enable a more precise comparison between the (5,12)and (2,9) in ON state to (5,12)and 
(2,9)OFF state, I have calculated the transmission spectra when acetylene is presented and with 
exactly same internal core in these different connectivities, in order to gain a deeper insight 
about the switching effect and the connectivities dependence. Figure (5.12) shows that the 
difference in the transmission coefficient was found to be sensitive to the connectivity 
especially for the OFF state and this is supported as well by the tight binding model as in 
figure(5.3). 
 
Fig. 5.12. DFT-based transmission calculations. Transmission as a function of energy for (a) 
(5,12)ON(blue) ,(b) (5,12)OFF in (red), (c)(2,9)ON(yellow)and(d) (2,9)OFF(purple) when having 







Fig. 5.13. DFT-based transmission calculations. Transmission as a function of energy for the 
closed (2,9)*ON (blue) (2,9)ON (red). 
In addition, the transmission coefficient was calculated for (2,9)* ON in same position (2,9) 
but with different connection in the internal part of the core with chain of CH3. It is expected 
that this molecule yields the same transmission as the previous (2,9) ON due to the weak effect 
of CH3. It is worth noting that methyl groups usually have a weak effect on the conductance, 
but this is not the case here as shown in figure (5.13). To test the effect of methyl group, another 
electron transport calculation was performed on (2,9)*ON after removing this group and 
replacing it by hydrogens. It should be noted that the transmission is significantly increased 
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compare to the case when the methyl group presents. This higher transmission coefficient arises 
due to the presence of this group and prove the significant role of this group in figure (5.14). 
Fig. 5.14. DFT-based transmission calculations. Transmission as a function of energy for the 
closed (2,9)*ON with CH3 (blue) (2,9)ON with CH3 (red), whereas (2,9)*ON with H is (yellow) 
and (2,9)ON with H is (purple). 
This switch behaviour is verified not only by TB calculations, but also by DFT. For ON states 
both DFT and TB exhibit a constructive interference with high conductance, which means the 
DFT results agreed well with the simple concept that was captured by the tight binding model. 
In the OFF state, both calculations are also similar, showing that a destructive interference in 
the case of TB whereas DFT shows a lower constructive interference compare to the ON state. 







contributions in the transport calculation. Inspection of the molecular orbitals in (5,12) ON and 
(2,9) ON shows that almost all orbitals are well extended across the backbone in figure (5.15), 
except the L+1 in the triple case is localized compare to the single case figures (5.16).  
 
Fig. 5.15. Molecular orbitals when the acetylene spacer presents in (5,12) ON, (2,9) ON and their 
OFF states. 
 
Fig. 5.16. Molecular orbitals when the acetylene spacer is absent in (5,12)ON , (2,9)ON and their 
OFF states  
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Moreover, in the H-2 for the (5,12) ON, the weight is localized in the pyridines from both 
sides, whereas with the triple bond it is concentrated in one side only. It is worth mentioning 
that the pyridine ring is highly twisted due to the absence of the spacer in (5,12) ON compare 
to (2,9) ON. This effect means that the (2,9) ON transmission coefficient as a function of 
energy has a smaller difference when spacer is present and without it.  
 
Figure (5.17) shows different dihedral angle formed by the planes of the pyridine and 
Dimethyldihydropyrene derivatives in the case of single and triple bond in (5,12), (2,9) 
ON and (5,12),(2,9)OFF 
Furthermore, the relaxed configuration in (2,9) ON when the spacer presents and without it 
shows a slight change in the geometry compare to the geometry change of (5,12) ON in the 
present of the spacer, which is significantly affected when the acetylene not presented. These 
changes reflect in the molecular orbitals of the core and the pyridine. Thus, the transmission 
curve shows in both cases of (2,9) ON and (2,9)’ON for single and triple bonds almost the same 





In summary, a study in dimethyldihydropyrene (DHP)ON state and cyclophanediene (CPD) 
OFF state in different connectivities. It highlights the role of perturbation theory in these 
switchable molecules when a swap occurs in the symmetry between the molecular orbital of 
HOMO and HOMO-1 taken place. Moreover, this switch from OFF state to ON state does not 
create new orbitals; it is merely a change of the molecular orbital ordering. 
I performed a theoretical study for ON state and OFF state in different connectivities. I 
presented a detailed calculation analysis of the conducting (5,12) and (2,9) when it switched to 
the non-conducting state with same connectivities. A direct correlation of electronic structure 
and transport properties of ON and OFF molecules was found by using perturbation theory, in 
which this perturbation can be captured in a simple tight binding model of the switch behaviour. 
This perturbation causes a swap between the molecular orbitals in HOMO-1 and HOMO 
switching them from asymmetric and symmetry in open state to symmetric and asymmetric 
ON state. Furthermore, the influence of the acetylene spacer, can promote the conductance 
difference in (5,12) but not in (2,9).  
Bibliography  
 
[1] 2016 TA Su, M Neupane, ML Steigerwald, L Venkataraman… - Nature Reviews 
Materials, “Chemical principles of single-molecule electronics,” Nat. Rev. Mater., vol. 
1, no. 3, p. 16002, 2016. 
[2] N. Xin et al., “Concepts in the design and engineering of single-molecule electronic 
devices,” Nat. Rev. Phys., vol. 1, no. 3, pp. 211–230, 2019.  
101 
 
[3] M. Ratner, “A brief history of molecular electronics,” Nat. Nanotechnol., vol. 8, no. 6, 
pp. 378–381, 2013. 
[4] S. V. Aradhya and L. Venkataraman, “Single-molecule junctions beyond electronic 
transport,” Nat. Nanotechnol., vol. 8, no. 6, pp. 399–410, 2013. 
 
[5]      =/LX65HQDQG;*XR³6ZLWFKLQJ(IIHFWVLQ0ROHFXODU(OHFWURQLF'HYLFHV´Top. 
Curr. Chem., vol. 375, no. 3, pp. 1–33, 2017. 
[6] -/=KDQJet al., “Towards single molecule switches,” Chem. Soc. Rev., vol. 44, no. 
10, pp. 2998–3022, 2015. 
 [7]     S. Jan Van Der Molen and P. Liljeroth, “Charge transport through molecular 
switches,” J. Phys. Condens. Matter, vol. 22, no. 13, 2010. 
 
 
[8]      M. A. Ratner et al., “Organic-based molecular switches for molecular electronics,” J. 
Am. Chem. Soc., vol. 8, no. 3, pp. 4003–4014, 2014. 
[9]   Y. Tsuji and R. Hoffmann, “Frontier orbital control of molecular conductance and its 
switching,” Angew. Chemie - Int. Ed., vol. 53, no. 16, pp. 4093–4097, 2014. 
 
[10]   D. Roldan et al., “Charge transport in photoswitchable dimethyldihydropyrene-type 
single-molecule junctions,” J. Am. Chem. Soc., vol. 135, no. 16, pp. 5974–5977, 2013. 
[11] S. G. Robinson, “The Synthesis of Oligothiophene Functionalized 
Dimethyldihydropyrenes and their Electrical and Photochromic Properties,” 2008. 
[12] 60XUDWVXJXDQG+1LVKLKDUD³ʌ-Conjugation modification of photochromic and 
redox-active dimethyldihydropyrene by phenyl- and ethynyl-terpyridines and Ru(bis-




thermal stability of a photo switchable molecular junction based on 
dimethyldihydropyrene and cyclophanediene isomerization,” J. Phys. Chem. C, vol. 
119, no. 21, pp. 11468–11474, 2015. 
[14] *3=KDQJet al., “Optimizing the conductance switching performance in 
photoswitchable dimethyldihydropyrene/cyclophanediene single-molecule junctions,” 
Phys. E Low-Dimensional Syst. Nanostructures, vol. 109, no. December 2018, pp. 1–5, 
2019. 
[15] M. Alemani, M. V. Peters, S. Hecht, K. H. Rieder, F. Moresco, and L. Grill, “Electric 
field-induced isomerization of azobenzene by STM,” J. Am. Chem. Soc., vol. 128, no. 
45, pp. 14446–14447, 2006. 
[16] L. Sun, Y. A. Diaz-Fernandez, T. A. Gschneidtner, F. Westerlund, S. Lara-Avila, and 
K. Moth-Poulsen, “Single-molecule electronics: From chemical design to functional 
devices,” Chem. Soc. Rev., vol. 43, no. 21, pp. 7378–7411, 2014. 
[17]   K. Matsuda, H. Yamaguchi, T. Sakano, M. Ikeda, N. Tanifuji, and M. Irie, 
“Conductance photoswitching of diarylethene-gold nanoparticle network induced by 
photochromic reaction,” J. Phys. Chem. C, vol. 112, no. 43, pp. 17005–17010, 2008. 
[18]    S. J. Van Der Molen et al., “Light-controlled conductance switching of ordered metal-
molecule-metal devices,” Nano Lett., vol. 9, no. 1, pp. 76–80, 2009.  
  [19]   W. Haiss et al., “Redox State Dependence of Single Molecule Conductivity,” J. Am. 
Chem. Soc., vol. 125, no. 50, pp. 15294–15295, 2003. 
[20] V. Ferri et al., “Light-powered electrical switch based on cargo-lifting azobenzene 
monolayers,” Angew. Chemie - Int. Ed., vol. 47, no. 18, pp. 3407–3409, 2008. 
[21]   Y. Geng et al., “Magic Ratios for Connectivity-Driven Electrical Conductance of 
103 
 
Graphene-like Molecules,” J. Am. Chem. Soc., vol. 137, no. 13, pp. 4469–4476, 2015 
[22] M. L. Perrin et al., “Mechanically controlled binary conductance switching of a single-
molecule junction,” Nano Lett., vol. 14, no. 1, pp. 1–7, 2016. 
[23] S. Muratsugu, S. Kume, and H. Nishihara, “Redox-assisted ring closing reaction of the 
photogenerated cyclophanediene form of bis(ferrocenyl)dimethyldihydropyrene with 
interferrocene electronic communication switching,” J. Am. Chem. Soc., vol. 130, no. 
23, pp. 7204–7205, 2008. 
[24] M. Alemani et al., “Phase coherent electronics: A molecular switch based on quantum 
interference,” J. Am. Chem. Soc., vol. 8, no. 5, pp. 1–10, 2014. 
[25] P. A. Liddell et al., “Photonic Switching of Photoinduced Electron Transfer in a 
Dihydropyrene-Porphyrin-Fullerene Molecular Triad,” J. Am. Chem. Soc., vol. 126, 
no. 15, pp. 4803–4811, 2004. 
[26] S. Muratsugu, M. A. Kishida, R. Sakamoto, and H. Nishihara, “Comparative study of 
photochromic ferrocene-conjugated dimethyldihydropyrene derivatives,” Chem. - A 
Eur. J., vol. 19, no. 51, pp. 17314–17327, 2013. 
[27] W. Hong et al., “Single molecular conductance of tolanes: Experimental and 
theoretical study on the junction evolution dependent on the anchoring group,” J. Am. 
Chem. Soc., vol. 134, no. 4, pp. 2292–2304, 2012. 
[28] ;=KDR*.DVWOXQJHUDQG56WDGOHU³4XDQWXPLQWHUference in coherent tunneling 
through branched molecular junctions containing ferrocene centers,” Phys. Rev. B, vol. 





6.1 Conclusion  
In conclusion, this thesis theoretically investigates transport properties at the nanoscale, by 
using DFT, Green’s function methods and tight binding methods, as discussed in chapters 2 
and 3, respectively. 
Chapter 4 presents studies of the charge transport of anthraquinone and its derivatives in 
different conjugation systems. DFT calculation reveals that a curly arrow rule is broken in the 
case of the cross conjugated molecule (anthraquinone). Confirmation that this rule is still 
broken when trying various of anchor groups with two different kinds of electrodes. These 
calculations shows that this behaviour is a general behaviour for anthraquinone.  This feature 
originates from the evolution of the HOMO of dihydroxyanthracene into the LUMO of 
anthraquinone when removing of the hydrogen atoms from the hydroxyl groups of 
dihydroxyanthracene. The conductance of the junction increases by a couple of orders of 
magnitude due to the transition from constructive to destructive QI. This opens new avenues 
IRU UHDOL]DWLRQ RI 4,ဨEDVHG VLQJOHဨPROHFXOH VZLWFKHV Curly arrow rules break down in 
molecular junctions formed by cross-conjugated anthraquinone. Whereas Curly arrow rules 
predict destructive QI for a meta connected anthraquinone core, we obtained a constructive QI. 
This behaviour is independent of choice of electrode material or anchor groups and arises from 
the evolution of the HOMO of dihydroxyanthracene into the LUMO of anthraquinone upon 
removal of the Hs from the pendant OH groups of dihydroxyanthracene. In addition, my result 
does not confirm  the validity of the curly arrow rules in broken conjugated dihydroanthracene, 
where a strong destructive QI dip was not obtained.  
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Finally, chapter 5 shows a theatrical study in dimethyldihydropyrene (DHP)ON and 
cyclophanediene (CPD) OFF in different connectivities(5,12) and (2,9). I demonstrated the role 
of perturbation theory in theses switchable molecules when a swab occurs in the symmetry 
between the molecular orbital of HOMO and HOMO-1 taken place. Moreover, this switch from 
ON state to OFF state does not create new orbitals; it is only a change of the molecular orbital 
ordering. 
In summary, I performed a study for two connectivities (5,12) and (2,9)ON states compare to  
(5,12) and (2,9)OFF states with different connectivities. I presented a detailed calculation 
analysis of the conducting (5,12) and (2,9) when it switched to the non-conducting state. 
Introducing a perturbation in (2,9) and (5,12) OFF states cause a swap between the molecular 
orbitals in HOMO-1 and HOMO and can be exhibited in simple tight binding model. I found 
that the difference in conductance between the two states ON and OFF can be promoted by 
using the acetylene spacer in the case of the connectivity of |(5,12) but not in (2,9) 
6.2 Future Works 
In chapter 4, I studied the connectivity dependence of quantum transport through 
anthraquinone and anthracene cores, connected to both graphene and gold electrodes. For the 
future, it would be of interest to explore the connectivity dependence of phonon transport 
[1][2], since the control of heat through solids and solid-molecule interfaces is of interest for 
thermal management of nanoscale devices and for increasing the performance of 
thermoelectric materials. It would also be of interest to explore the use of alternative 
electrode materials for molecular electronics, including superconducting electrodes [3][4]. 
The latter would be particularly interesting, because the interplay between superconducting 
quantum interference effects and quantum interference within molecules is a largely 
unexplored area of research. Quantum interference can also be controlled by introducing 
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pendant redox units [5], charge transfer complexes [5] and heteroatoms [6][7]and therefore 
detailed studies of the connectivity dependence of such effects in the presence of five-
membered rings would be of interest. In addition, many other aspects in this field deserve 
further attention, including spin transport in dihydroxyanthracene on the removal one 
hydrogen in the presence of gold and graphene electrodes. In chapter 5, I focussed on the 
connectivity dependence of electrical conductance and the tuning of quantum interference via 
the symmetry of frontier orbitals, which underpins the switching behaviour of the photo-
switchable dimethyldihydropyrene and its derivatives. 
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